Three-dimensional porous scaffolds play an important role for tissue engineering. The recent developments of porous scaffolds and their preparation methods, especially those developed by our group, are summarized in this review. A method for the preparation of biodegradable porous scaffolds has been developed by using pre-prepared ice particulates as porogen material. A kind of composite biodegradable porous scaffolds has been developed by forming collagen microsponges in the pores or interstices of a synthetic polymer sponge or mesh. A composite sponge of synthetic polymer, collagen and hydroxyapatite has been developed for hard tissue engineering. Bovine articular cartilage-like tissue has been engineered by culturing chondrocytes in the PLGA-collagen scaffolds.
Introduction
As a rapidly emerging technology, tissue engineering holds the potential of a new approach to the repair and reconstruction of tissues and organs damaged by disease and accident. There are several factors required for tissue engineering. They include cell source, growth factor, biodegradable porous scaffolds and mechanical stress (Fig.1 ). Biodegradable porous scaffolds play an important role in tissue engineering as a physical support and also as an adhesive substrate for the isolated chondrocytes (1) - (4) . Ideally, the scaffolds used in this application should meet several design criteria. For instance, they should permit cell adhesion, promote cell growth and allow retention of differentiated cell function, have good biocompatibility, biodegradability, highly porosity, be mechanically strong and malleable into desired shapes. Generally, three-dimensional biodegradable porous scaffolds can be fabricated from two kinds of biodegradable polymers. One is synthetic and the other is naturally-derived polymer.
In the tissue engineering, the biological system is regarded as a multi-functional molecular machine, and it is the target of the tissue engineering to establish the principle for design and manufacture of artificial system simulating the cell and tissue structures. The ultimate goal of the application includes the development of bio-compatible substitutes of tissues and organs, such as artificial bone, muscle and blood vessel. The biological system has various functions superior to those of artificial materials and machines created by the human. For instance, the biological system is equipped with self-organizing capability to build up part of its body by itself. When it suffers from a damage, it can repair and reinforce through metabolism and controlled growth. Moreover, these functions can be implemented autonomously at various levels of hierarchical organization, such as tissues, cells and molecular assemblies, at normal temperatures and pressures through the reactions friendly to the environment. If the principle for design and manufacture of artificial system simulating the biological system became available, it would be possible to create artificial organs of improved bio-compatibility and retarded functional aging. In the case of artificial bone materials, the biocompatibility has been improved at a great stride, but still far from perfect. An artificial bone surgically implanted at an age of 60 was required to last up to 70, but owing to the extension of longevity, it has to remain intact up to 80. The long-term effects of metal ions dissolving out of implanted materials are not known clearly. In the 'harsh' environment within the body, damages such as abrasion and corrosion may accumulate resulting in functional failure. These troubles are caused by the use of non-biological materials in the artificial organs. The reason for advancing the studies of tissue engineering is to create the truly bio-compatible devices by using living human cells. These efforts will be linked to environment-friendly science, technology and industrial production.
In this paper, a method for the scaffold preparation developed by our group by using ice particulates as porogen materials, some kinds of composite scaffolds developed by our group, and their application to cartilage tissue engineering are described.
Biomaterials for scaffolds
Except (beta-) tricalcium phosphate (TCP) and hydroxyapatite, almost all the biodegradable scaffolds used in tissue engineering have been made from biodegradable polymers. There are two kinds of biodegradable polymer materials: synthetic polymer and naturally-derived polymer. Among these biodegradable polymers, the synthetic polyesters such as poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and their copolymer of poly(lactic-co-glycolic acid) (PLGA) and the naturally-derived polymer collagen have been most attractive and most frequently used for tissue engineering.
To prepare porous scaffolds of these polymer materials, several methods including phase separation, emulsion freeze-drying, gas foaming, fiber bonding and porogen leaching techniques have been developed. These methods have their respective advantages and also drawbacks. Phase separation technique has the difficulty to control pore structure. Emulsion freeze-drying technique and expansion technique often result in a closed cellular structure in the scaffold. Scaffolds prepared by the fiber bonding technique is devoid of structural stability. Compared to these methods, the porogen leaching method provides easy control of pore structure and has been well established in the preparation of 3-dimensional scaffolds for tissue engineering. However, this method needs air-drying at room temperature, which makes it unsuitable for protein incorporation. However proteins such as growth factors and cytokines are very important in promoting cell proliferation and differentiation.
We have developed a modified porogen-leaching method by using pre-prepared ice particulates as the porogen material (5) . At first, ice particulates were prepared by spraying cold water into liquid nitrogen. By controlling the spraying condition, ice particulates of 240 µm mean diameter were prepared. Ice particulates were then mixed with pre-cooled polymer solution (PLLA or PLGA in chloroform), the dispersion was mixed and freeze-dried, then polymer (PLLA or PLGA) foams were formed. Ｔhe SEM photomicrographs of the cross-sections of the PLLA foams prepared with 80% and 90% ice microparticulates shows that the foams were highly porous with evenly distributed and interconnected pore structures. The pore shapes were almost the same as those of ice particulates. The foams became more interconnected as the weight fraction of ice particulates increased. Therefore, the pore structures of the porous scaffolds could be manipulated by varying the weight fraction, size of ice particulates (and polymer concentration). Because all the processes were conducted at low temperature, this method would be suitable for protein incorporation. The scaffolds prepared by this method should be useful for tissue engineering.
Biodegradable polymer composite sponge
Synthetic polymers such as PLA, PGA and PLGA, and naturally-derived polymers have their respective advantages and drawbacks. The syntheticic polymers can be easily processed into desired shapes with good mechanical strength and their degradation periods can also be manipulated. Despite these advantages, PGA, PLA and PLGA-derived scaffolds lack cell-recognition signals, and their hydrophobic property hinders successful cell seeding. On the other hand, naturally-derived biodegradable polymer, such as collagen, offers the advantage of specific cell interaction and hydrophilicity, but scaffolds constructed entirely of collagen have poor mechanical strength and not easy to handle. So we thought of combining these two kinds of biodegradable polymers to develop a novel kind of composite scaffold which will have their advantages, but without their drawbacks (6) .
The composite scaffolds were prepared as follows. At first, a synthetic polymer sponge or mesh was prepared. The mechanically strong synthetic polymer sponge or mesh served as a skeleton. And then the mechanically weak collagen microsponges were introduced into the pores of the sponge or interstices of the mesh to form the composite sponge or composite mesh (Fig.2) . The composite structure of PLGA-collagen composite sponge was confirmed by SEM observation. Collagen microsponges were formed in the pore of the PLGA sponge (Fig.3) .
The wettability, mechanical strength and cell-interaction were investigated to confirm if the composite sponge combined the advantages of both PLGA and collagen. The wettability of a scaffold is considered to be very important for successful cell seeding into a scaffold. The contact angle of PLGA sponge with water was about 76 degrees, which indicated that the PLGA sponge was relatively hydrophobic. It is necessary to pre-treat a PLGA sponge scaffold by prewetting or surface hydrolysis to seed cells in the scaffold. However, after introduction of collagen, the contact angle of the composite sponge decreased to about 31 degrees. Its wettability increased. Cell seeding became much easy. The PLGA-collagen composite sponge showed higher dynamic, static compression and tensile strength than PLGA and collagen sponges both in dry and wet states (7) . When used for culture of mouse fibroblast cells, more cells adhered to the composite sponge than PLGA sponge. The cells adhered to the collagen microsponges and distributed throughout the composite sponge. After 5 days in culture, the cells spread and proliferated to cover all the available surfaces of the sponge. These results suggest good cell interaction of the PLGA-collagen composite sponge.
From these results, we can conclude that the synthetic PLGA sponge serving as a skeleton facilitated formation of the composite sponge into the desired shapes and reinforced the composite sponge, while collagen microsponges contributed good cell interaction, hydrophilicity and easy cell seeding.
Biodegradable polymer composite mesh
The composite mesh was prepared by forming collagen microsponges in the interstices of a synthetic biodegradable polymer mesh (8) . In the case of the composite mesh of a PLGA knitted mesh and collagen, collagen microsponges with interconnected microporous structures were formed in the interstices of the synthetic polymer mesh. The fiber bundles of polymer mesh and the collagen sponges were alternately chained (Fig.4) . The composite mesh possessed similar mechanical property to that of the polymer mesh, 500 times higher than that of the collagen sponge alone. When used for cell culture, more human skin fibroblasts adhered and proliferated more quickly on the composite mesh than on the PLGA mesh. The cells adhered and spread well on the surfaces of the collagen microsponge of the composite mesh after being cultured for 5 days, and became layer structured after 2 weeks. These results suggest that the composite mesh combined the advantages of both synthetic polymer mesh and collagen sponge (9) . 
Composite sponge of synthetic polymer, collagen and hydroxyapatite
As collagen and hydroxyapatite are the two primary components of bone extracellular matrix and have been reported showing good osteoconductivity, they were introduced into a synthetic polymer to prepare a porous composite scaffold for hard tissue engineering. The composite sponge was prepared by depositing hydroxyapatite particulates on the collagen microsponge surfaces of synthetic polymer-collagen composite sponge (10) .
The deposition of hydroxyapatite particulates was accomplished by alternate immersion of the PLGA-collagen sponge in CaCl 2 and Na 2 HPO 4 aqueous solutions and centrifugation. SEM photomicrographs show that hydroxyapatite particulates were formed on the surfaces of the collagen microsponges of the PLGA-collagen sponge. After one immersion cycle, the deposited particulates were scarce and small. They became denser and grew larger as the number of alternate immersion cycles increased. The surfaces of the collagen microsponges were completely covered with hydroxyapatite particulates after three cycles of alternate immersion (Fig.5) . And their level of crystallinity increased as the number of immersion cycles increased. Such synthetic polymer-collagen-hydroxyapatite composite sponges would be useful as three-dimensional porous scaffolds for bone tissue engineering.
Tissue engineering of articular cartilage
Bovine articular chondrocytes were isolated from the shoulder articular cartilage of a four-week old calf by collagenase digestion and subcultured in DMEM containing 10% FBS to obtain sufficient numbers of cells. The subcultured chondrocytes were collected and seeded onto the PLGA-collagen composite mesh, and cultured in vitro. The chondrocytes adhered onto the composite mesh and continued to proliferate filling the spaces in the composite mesh (Fig. 6) . The cell/mesh constructs were overlapped and sutured together to control the thickness of implants. After one week in culture, the chondrocyte/scaffold constructs were implanted subcutaneously in the dorsum of nude mice. The implants were harvested after 2, 4, 8, and 12 weeks. The gross appearances of the implants after 8 and 12 weeks were shown in Fig.7 . All the implants preserved their original shapes for all implantation periods and appeared glistening white (11) .
The implant samples were examined by HE staining, and safranin O/fast green staining, immunohistological staining and gene expression study to confirm if the engineered cartilage was articular hyaline cartilage. The mechanical properties of the engineered cartilage were also measured. The mechanical properties of the engineered implants after 12 weeks and bovine native articular cartilage were evaluated by a dynamic compression mechanical test using a viscoelastic spectrometer. The dynamic complex modulus (E*), structural stiffness and phase lag (tanδ) reached 37.8%, 57.0% and 86.3% of those of native bovine articular cartilage, respectively.
Summary
A method for the preparation of biodegradable porous scaffold has been developed by using pre-prepared ice particulates as porogen material. Composite scaffolds of synthetic and naturally-derived polymers have been developed by forming collagen microsponges in the pores or interstices of a synthetic polymer sponge or mesh. A composite sponges of synthetic polymer, collagen and hydroxyapatite has been developed for hard tissue engineering. Bovine articular cartilage-like tissue has been engineered by culturing chondrocytes in the PLGA-collagen composite mesh. These scaffolds could be used not only for cartilage engineering, also for tissue engineering of other tissues and organs such as bone, skin, tendon, ligament, muscle, nerve, blood vessels, and etc. (Fig.8) .
